Orotidine 5-phosphate decarboxylase produces the largest rate enhancement that has been reported for any enzyme. The crystal structure of the recombinant Saccharomyces cerevisiae enzyme has been determined in the absence and presence of the proposed transition state analog 6-hydroxyuridine 5-phosphate, at a resolution of 2.1 Å and 2.4 Å, respectively. Orotidine 5-phosphate decarboxylase folds as a TIM-barrel with the ligand binding site near the open end of the barrel. The binding of 6-hydroxyuridine 5-phosphate is accompanied by protein loop movements that envelop the ligand almost completely, forming numerous favorable interactions with the phosphoryl group, the ribofuranosyl group, and the pyrimidine ring. Lysine-93 appears to be anchored in such a way as to optimize electrostatic interactions with developing negative charge at C-6 of the pyrimidine ring, and to donate the proton that replaces the carboxylate group at C-6 of the product. In addition, H-bonds from the active site to O-2 and O-4 help to delocalize negative charge in the transition state. Interactions between the enzyme and the phosphoribosyl group anchor the pyrimidine within the active site, helping to explain the phosphoribosyl group's remarkably large contribution to catalysis despite its distance from the site of decarboxylation. O rotidine 5Ј-phosphate decarboxylase (ODCase) (EC 4.1.1.23) is responsible for de novo synthesis of uridine 5Ј-phosphate, an essential precursor of RNA and DNA. In neutral solution, orotidine 5Ј-monophosphate (OMP) undergoes spontaneous decarboxylation to uridine 5Ј-phosphate with a half-time of 78 million years (1). At the ODCase active site, the same reaction proceeds with a half-time of 18 msec (2). Comparison of k cat ͞K m with k non indicates that ODCase surpasses other enzymes in its proficiency ʈ as a catalyst, achieving a remarkable affinity for the altered substrate in the transition state (1). In addition to surmounting this formidable kinetic barrier, the ODCase reaction is of special interest in view of its lack of precedent in biological chemistry. The substrate is devoid of an effective repository for the negative charge that is generated at C-6 when CO 2 is eliminated, yet the enzyme functions without metals or other cofactors. Enzymatic decarboxylation of OMP is also remarkable in the importance (for catalysis) of a seemingly irrelevant part of the substrate. By its presence, the 5Ј-phosphoryl group contributes a factor of Ϸ10 8 -fold to k cat ͞K m , in spite of its considerable distance from the site of chemical transformation of the substrate (3). As a first step toward understanding these unusual properties, we have investigated the crystal structure of recombinant Saccharomyces cerevisiae ODCase alone and in complex with a postulated transition state analogue, 6-hydroxyuridine 5Ј-phosphate (BMP) (K i ϭ 9 ϫ 10 Ϫ12 M (4)].
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Materials and Methods
Recombinant yeast ODCase was expressed in Escherichia coli SS6130 (pBGM88) and was purified as described (5) . Crystals of the native enzyme were grown at 4°C by the hanging drop vapor diffusion method using 0.1 M sodium͞Hepes (pH 7.0), 10% isopropanol, and 20% (wt͞vol) polyethylene glycol 4000 as the precipitant. These orthorhombic crystals belong to space group P2 1 2 1 2 1 with unit cell dimensions of a ϭ 90.1 Å, b ϭ 116.2 Å, c ϭ 117.0 Å. Crystals of ODCase complexed with BMP were grown at 22°C in 0.18 M sodium phosphate and 18% (wt͞vol) polyethylene glycol 3350. Crystals of the inhibitory complex belong to space group P2 1 with unit cell parameters of a ϭ 79.89 Å, b ϭ 79.97 Å, c ϭ 98.20 Å, and ␤ ϭ 108.59°. X-ray data for the apo and BMP-enzyme complex were collected at Ϫ180°C on a Rigaku (Tokyo) RU-200 rotating anode generator equipped with an MSC Raxis 4 area detector. Data were measured and scaled with DENZO (6) and SCALEPACK (6) . Multiwavelength anomalous dispersion (MAD) data for one crystal of selenomethionyl native enzyme were collected on the Industrial Macromolecular Crystallography Association beamline at the Argonne National Laboratories by using a MAR 2 ϫ 2 charge-coupled device detector for all MAD data sets collected. Data were measured and scaled by using HKL2000 (6) and SCALEPACK (6) . MAD phasing, x-ray crystallographic refinement, and molecular replacement were carried out in CNS (7) . Solvent flattening, electron density averaging, and histogram matching of the MAD phased electron density map were accomplished with DM (8, 9) to 2.3-Å resolution, and the resulting map was used to model all atoms of the apo yeast orotidine decarboxylase. A total of 20 ordered selenomethionine sites were identified with five sites belonging to each molecule by using CNS (7) . These five sites for each of the four molecules were used to locate the noncrystallographic symmetry. Water molecules were added to the x-ray refinement by using a 3F obs Ϫ 2F calc electron density map for peaks greater than 1.5 with distance constraints. The resulting This paper was submitted directly (Track II) to the PNAS office.
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ʈ ODCase is extreme in its proficiency, defined as the second order rate constant for its reaction with the substrate (kcat͞Km) divided by the rate constant for the nonenzymatic reaction (knon). Most enzymes have second-order rate constants that approach the diffusion limit within a factor of 1,000, as is necessary if they are to be useful at reasonable intracellular concentrations. However, the rate constant for the reactions that they are called on to catalyze vary over a range of more than 14 orders of magnitude.
Ramachandran plot for both the apo and BMP complex showed all amino acids within energy favorable regions.
Results and Discussion
The structure of ODCase was solved by MAD using selenomethionine-labeled enzyme (Tables 1 and 2 ). The resulting 2.3-Å MAD phased electron density map was solvent-flattened and averaged to yield a readily interpretable electron density map (Fig. 1) . Each ODCase subunit of this dimeric enzyme folds as an ␣͞␤ barrel with eight central ␤ sheets surrounded by nine ␣ helices (Fig. 2) , similar to the fold first described for triosephosphate isomerase (10) . The model of the unliganded enzyme included all 267 monomer residues and was refined to 2.1-Å resolution. Residues 207-218, although considerably more mobile than the rest of the model, were nevertheless included in the refinement, yielding R factor and R free values of 21.8 and 25.5%, respectively. The ODCase-BMP complex was solved by molecular replacement to 2.4-Å resolution by using the dimer model from the ligand-free ODCase refined model. R factor and R free of the complex were 21.3 and 25.8%, respectively, and included all 267 residues with a well ordered loop for residues 207-218. Crystals of the ligand-free and the BMP complex contained two dimer molecules in the asymmetric unit. Neither structure showed the presence of metals or other cofactors that could participate in catalysis. The N and C termini are located on the same face of each monomer ( Fig. 2 ) and distal to the active site and subunit-subunit interface (Fig. 3) , explaining the widely exploited ability of this enzyme to yield functional protein fusions (11) (12) (13) .
In ‡ Rfactor ϭ 100 ϫ ⌺͉Fobs Ϫ Fcalc͉/⌺͉Fobs͉ for F Ͼ 2 and, in parentheses, F Ͼ 0, respectively; Fobs and Fcalc are the observed and calculated structure factor amplitudes. R free is the same as Rfactor but is calculated from 9% (apo) and 5% (BMP complex) of the reflection data that were excluded during the refinement. § For clarity, the atoms given represent the number of atoms in one monomer or in one BMP ligand and should be multiplied by four to obtain the total number of atoms used in refinement.
indicates that ligand binding evokes significant loop movements (Fig. 5) . As a result, the ligand is sequestered from solvent, forming 10 H-bonds with active site residues, in which the electronegative atoms are separated by 2.9 Å or less (Fig. 6 ). H-bonds between BMP and ODCase can be divided into four groups based on their position and function in the free and inhibited enzymes. One group of H-bonds between BMP and enzyme involves a scaffold of residues whose positions are little affected by ligand binding, changing their C␣ positions by 0.6 Å, on average. These scaffold H-bonds are formed from Gly-234(NH) to the phosphoryl group, from Asp-37 to the 3Ј-OH group, from Lys-93 to O-6, and from Arg-235 to the phosphoryl group (Fig. 6 ). Arg-235 was included in this group based on function because its C␣ rms deviation movement is 0.96 Å. This change results from rotation of the guanidinium side chain, of sequence Gly-Arg-Gly, from solvent toward the inhibitor phosphoryl group to establish three 2.7-2.9 Å Hbonds. In a second group, residues from the opposite subunit extend across the dimer interface into the binding pocket, forming H-bonds from Asp-96* and Thr-100* to the 2Ј-OH group of BMP. These 207-217 provides H-bonds from Tyr-217 to the phosphoryl group and from Gln-215 to O-2 of the pyrimidine ring. As a consequence of their combined movements, Loop 151-165 and Loop 207-217 contact each other, enclosing BMP and sealing off the active site from bulk solvent (Fig. 5) .
Contacts between the enzyme and the ribosyl moiety of BMP involve both the 2Ј-and 3Ј-OH groups (Fig. 6) . The 2Ј-OH group participates in two strong H-bonds with the side-chains of Asp-96* (2.4 Å) and Thr-100* (2.8 Å) of the opposite subunit whereas the 3Ј-OH forms a 2.8-Å H-bond with the carboxylate group of Asp-37. Together, these three H-bonds tether the BMP ribosyl moiety to the enzyme, constraining the position of the pyrimidine ring within the active site. The interaction between the ligand's ribosyl OH groups and the side chains of Asp-96* and Thr-100* of the second subunit is consistent with the proposal that the active species of yeast ODCase is a dimer similar to that shown for the bifunctional human uridine 5Ј-phosphate synthase and its ODCase domain (14) .
TIM-barrel enzymes that act on phosphorylated substrates typically feature a f lexible loop proximal to the protein C terminus that becomes ordered upon ligand binding, establishing contacts with the substrate's phosphoryl group (15) . Loop 207-218 becomes ordered upon BMP binding, resulting in an H-bond (2.7 Å) between the OH group of Tyr-217 and a phosphoryl oxygen. This conformational change makes possible four additional H-bonds (Fig. 6 ) from the phosphoryl group to Gly-234(NH) (2.9 Å) and Arg-235 (2.9, 3.1, and 2. ) indicates an even greater contribution by the phosphoryl group to transition state affinity. Similar observations have been reported for the human enzyme (3), which, unlike the yeast enzyme, is a bifunctional protein.
Catalysis presents two problems for any enzyme. First, the binding affinity of the altered substrate in the transition state should be as large as possible, to maximize ''efficiency'' (the second order rate constant k cat ͞K m ) relative to k non . Second, the first order rate constant k cat should be as large as possible relative to k non , to maximize substrate turnover. This second objective can be accomplished only to the extent that the enzyme's binding affinity for the altered substrate in the transition state exceeds its affinity for the substrate in the ground state. ODCase achieves both of these objectives more effectively than any other enzyme whose properties have been reported, by a reaction without precedent among other decarboxylases, and it is of interest to ask how this is accomplished.
To enhance the rate of OMP decarboxylation, this catalyst must presumably stabilize a carbanion (or carbene), generated at C-6 upon elimination of CO 2 , more effectively than does solvent water. This reaction shows a 13 C kinetic isotope effect on k cat ͞K m of sufficient magnitude to indicate that cleavage of the scissile COC bond is almost fully rate determining (16) . The potency of BMP as an inhibitor may be explained (4) by its resemblance to a carbanionic intermediate proposed by Beak and Siegel (17) and would be expected to contact the same enzyme residues that participate in OMP decarboxylation. Thus, interactions between active site residues and the pyrimidine ring of BMP revealed by the structure of the inhibited enzyme are of central mechanistic interest. In BMP (Fig. 7) , OO Ϫ replaces the OCOO Ϫ at C-6 of substrate OMP. The structure of the BMP-ODCase complex suggests that BMP binds as the 2-syn isomer, with substituent ribose rotated away from the 6-oxygen atom, as in the major conformation of orotidine in solution (18) .
Previously, it was shown that replacement of Lys-93 of the native yeast enzyme with cysteine yielded a mutant enzyme with significantly reduced activity (19) . We have also found that replacement of Lys-93 by alanine markedly reduces the activity of the recombinant yeast enzyme. Mechanisms previously proposed for elimination of CO 2 from OMP involve the generation of a carbanion at C-6, which could in principle be stabilized by donation of an enzyme proton at C-2 (17) or C-4 (20) , by the protonated -amino group of Lys-93. In the x-ray structure, however, C-2 and C-4 are seen to be associated not with Lys-93 but instead with the amide group of Gln-215 and the peptide NH group of Ser-154, respectively. These NH groups are too weakly acidic for complete proton transfer but do furnish H-bonds that appear to stabilize the BMP complex and presumably have a stabilizing character on the carbanion that is generated during decarboxylation.
If bound substrate resembles BMP in conformation (Figs. 6 and 7), then formation of a carbanionic intermediate would generate negative charge at C-6 of the pyrimidine ring in the transition state, near the position observed for the positively charged -amino group of Lys-93. This suggests a different and highly important role in catalysis for Lys-93 in stabilizing the carbanionic transition state and in furnishing the proton that appears at C-6 of product uridine 5Ј-phosphate. To maximize k cat , it is of special importance that Lys-93 be prevented from interacting favorably with the 6-carboxylate group of substrate OMP, and model building suggests that the OCOO In the present structure, the importance of Lys-93 is further suggested by the existence of a network of contacts that involve Ser-35, Lys-59, Asp-91, Asn-120, and Asp-96* of the second subunit. In controlling the position of the substrate with respect to Lys-93, and generating the strong differential binding affinity on which catalysis depends, it is necessary that the position of the side-chain of Lys-93 be tightly constrained. Aspartate residues 91 and 96* appear to serve that purpose. Equally important is the exact position of the pyrimidine ring, imposed by the very numerous H-bonding interactions of the ribosyl and phosphoryl groups. The significance of these interactions can be judged by the contribution of the phosphoribosyl group to k cat ͞K m for OMP, Ϸ5 ϫ 10 8 -fold for the human enzyme (3). This appears to be one of the largest substituent effects that has been reported for any enzyme reaction, for a part of the substrate that does not undergo chemical transformation. ), yeast ODCase exploits enzyme-ligand contacts, particularly contacts involving the phosphoryl group, to organize active site residues that participate in catalysis. The movement of Loop 207-218 that accompanies ligand binding brings the amide nitrogen of Gln-215 to a position 2.6 Å from O-2. Similarly, the movement of Loop 151-165 toward the ligand places the peptide amide of Ser-154 within 2.9 Å of the O-4 group of BMP. In this enzyme, as in others (23, 24) , catalysis appears to depend on a conformation change that permits a remarkable number of binding contacts, removing the substrate from water in which it is highly unreactive and allowing maximal interaction between the enzyme and the altered substrate in the transition state. The importance of each of the contacts revealed by the BMPODCase structure is being tested by mutagenesis to provide additional insight into the elegant mechanism by which this enzyme brings about such a remarkable enhancement in the rate of this difficult reaction. 
